Ferroelectric perovskite oxides have been widely used in modern electronic components, particularly, in nonvolatile random access memories. 1, 2 An energetically stable and switchable spontaneous polarization in these materials is one of the key requirements for a variety of device applications. 3 In ferroelectric devices, polarization switching is realized by nucleation and subsequent forward and lateral growth of polarization domains under an external electric field. 4, 5 Hence, the switching capability and activity of polarization domain is one of the most crucial factors, determining the electrical properties of ferroelectric thin films, such as polarization fatigue, 6 domain switching time, 7 the magnitude of spontaneous polarization, 8 dielectric tunability, 9 and Rayleigh or nonlinear behavior. 10 On the other hand, the switching properties of ferroelectric domains are strongly influenced by various lattice defects unavoidably present in the material. 11, 12 Oxygen vacancy (V O ) is one of the most important types of defects that can be easily introduced into ferroelectric oxides during sample preparation and device fabrication processes. 13 As the strong pinning centers on polarization domains, V O and the V O -related defect complexes are believed to be nuisances for the degradation and failure of ferroelectric-oxide-based devices. 6, 14, 15 Lo 16 showed that the Ti-O octahedron is distorted due to the presence of V O so that the potential energy profile for the displacement of the titanium ion becomes asymmetric. Both the theoretical investigations 14, 17 and the experimental results 18 have shown that V O in perovskite oxides can self-organize into two-dimensional arrays, which are capable of pinning domain walls. Also, many studies showed that V O can interact with domain walls 19, 20 and twin boundaries 21, 22 and influence their dynamical properties. In addition, the defect dipoles formed by the association of V O with metallic impurities during aging process have been regarded as one of the possible origins for the internal bias and local pinning of ferroelectric polarization. 15, 23 There are two types of symmetrically inequivalent V O sites present in ferroelectric tetragonal perovskites ABO 3 ( Fig. 1) . One type of V O is located in the B-O-B chains along the c axis, i.e., the direction of spontaneous polarization (for simplicity, we call it V c ), whereas the other type of V O is located within the BO 2 -plane (i.e., the ab-plane) that are perpendicular to the c axis (for simplicity, we call it V ab ). In the bulk, the orientations of the local polarization above and below the vacancy plane are the same for the V ab configuration [ Fig. 1(b) ], and therefore the normal head-to-tail domain configuration is maintained, similar to that in perfect bulk. However, for the V c configuration, the polarizations above and below the vacancy plane point to opposite directions, which results in a tail-to-tail domain configuration, thereby decreasing the overall spontaneous polarization [ Fig.  1(c) ]. Erhart et al. 24 revealed that V c is energetically more stable than V ab . Herein, it is understandable why V c makes a major contribution to ferroelectric fatigue than V ab . Park and Chadi 25 showed that V ab could be gradually transformed into V c through vacancy migration during the aging process and therefore give rise to additional degradation of switchable polarization. Kimmel et al. 26 suggested that V ab can also transform into V c through lattice relaxation, thereby resulting in the formation of 90 domain walls. Furthermore, the tail-to-tail domain configuration would be further stabilized due to a planar accumulation of V c -type vacancies, which lies on the plane perpendicular to the polarization direction. 14, 25 The formation of the V c superstructures or sheets leads to the strong pinning of the tail-to-tail domain configuration and may significantly increase ferroelectric fatigue. Fig. 1(c) shows that tail-to-tail domain configuration (local polarization is pinned) is induced when the B atom spontaneously shifts away from V c because of the broken B-O bonds, which shows remarkable difference with the single ferroelectric domain in a perfect perovskite oxide. The constricted polarization hysteresis loop is probably a result of such pinned polarization. However, if the B atom adjacent to V c remains at its original site [as the case shown in Fig. 1(d) ], the polarization orientations below and above V c will be preserved and point to the same direction, similar to the case in a single ferroelectric domain. Therefore, the formation of V c does not affect the magnitude of spontaneous polarization. Following the notations in a previous study by Park and Chadi, 25 , where ud (the abbreviation of "up-down") indicates that the V O -induced local polarizations above (P av ) and below (P bw ) the vacancy plane point to opposite directions whereas sw (the abbreviation of "switchable") denotes that P av and P bw point to the same direction (see Fig. 1 ). One can easily imagine that the prevention of the downward shift of the B atom below the vacancy by the lateral oxygen ions in the ab-plane could lead to an ideal "switchable" V c configuration (i.e., V sw c ). In this work, we will show how the downward motion of the B atom can be prevented by applying an ab-plane compressive strain. As misfit strain is always present in thin films, particularly for those that are fabricated using epitaxial methods, 27-29 the so-called "strain engineering" has been considered as one of the most important research areas nowadays. 29 In the past, Shu et al.
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showed that the formation energy of different types of V O in rutile TiO 2 depends on the external strain applied. In this paper, we investigated the evolution of the V ab and V c configurations in ferroelectric perovskite oxides induced by an ab-biaxial strain using density functional theory (DFT) calculation. Our results show that V sw c can be stabilized if a compressive strain of equal or larger than 3% is applied on the film.
As a typical example, PbTiO 3 (PTO) is used as a prototype of ferroelectric perovskite in this work. All the calculations in this work were performed on a Vienna Ab initio simulation package code according to the projector augmented wave method. 31 Structure optimization details for PTO unit cell are given in Section S1 in supplementary materials. 32 The formation energy of V O in a 3 Â 3 Â 3 supercell was calculated in a 2 Â 2 Â 2 Monkhorst-Pack k-point mesh. The formation energy (E f ) is defined as 33 where EðdefectÞ and EðperfectÞ are the total energies of defective and perfect PTOs, respectively. l O is the atomic chemical potential of oxygen, and N O is the number of V O in the supercell. l O was obtained under metal-rich conditions, which is consistent with that in a previous study. 24 E f for V ab and V c for the 3 Â 3 Â 3 supercell were 0.97 and 0.70 eV, respectively, which are in good agreement with the results calculated in the 2 Â 2 Â 4 supercell. 24 The atomic arrangements of the V c and V ab configurations are consistent with those in previous studies, 24, 25, 34 in which an up-down polarization pattern is found in the V c configuration [ Fig. 1(c) ], and a switchable polarization pattern is observed in the V ab configuration [ Fig. 1(b) ].
In order to investigate the stability of V sw c in PTO under strain, ab-biaxial strain (e) ranging from À3% to þ2% were applied on the 3 Â 3 Â 3 PTO supercell. Calculation details and results for the strain effect on defect-free PTO are given in Section S2 in supplementary materials. 32 Then, V O was calculated within these strained supercells. To obtain the V sw c configuration, we manually initialized the downshifted Ti atom to its original site in the defect-free crystal and then fully relaxed all the atoms. E f of V sw c under different strains is shown in Fig. 2(a) . ) when the applied compressive strain was >2%, which was contrary to the case in stress-free PTO. Therefore, the transformation from V ab to V c was deeply suppressed in compressively strained PTO. Thanks to the changes in V O configuration stability under compressive strain, i.e., the formation of V sw c and the enhanced stability of V ab [see Fig. 2(c) ], the V ud c -induced tail-to-tail domain configuration and associated polarization reduction in the strain-free thin film [see Fig. 2(b) ] can be largely suppressed. Thus, the domain pinning effect 25 of V O will be eliminated and the associated electrical properties of the film (e.g., switching time, dielectric tunability, etc.) will be significantly enhanced by strain engineering.
The potential energy profile and the energy barrier between two V c configurations mentioned above were calculated to reveal the stability of V Previous studies showed that V ud c in strain-free PTO can easily aggregate and form a planar structure perpendicular to the direction of spontaneous polarization. This structure can stabilize the tail-to-tail domain configuration and results in further reduction in remanent polarization. 14, 25 To examine the stability of the switchable domain configuration (V sw c ) for the aggregated V c structure under compressive strain, we constructed an oxygen divacancy configuration, in which two adjacent V c lie at the plane perpendicular to the polarization axis (see the insets of Fig. 5 ). Indeed, we found that the V sw c configuration is energetically more stable than the V ud c configuration (Fig. 5) . By transforming into the former from the latter, the total energy of the divacancy configuration can be further lowered by 0.3 eV under 3% compressive strain, indicating that the V ud c -induced tail-to-tail domain configuration is largely suppressed because of the preferred formation of V sw c (including the aggregated V sw c structure) in compressivestrained PTO.
In conclusion, the lattice structure and energy profiles of V O in biaxial-strained PTO in the ab-plane are calculated using a DFT method. Compared with the up-down configuration (V ud c ) for V c in strain-free PTO, a switchable configuration (V sw c ) can be stabilized if compressive strain is applied. The V sw c configuration becomes more stable as the compressive strain is further increased and becomes more stable than the V ud c configuration under a compressive strain of 3%. This evolution in lattice structure and energy profile is also observed in PTO with oxygen divacancy. In addition, V ab becomes an energetically more stable V O configuration compared with V c when compressive strain is larger than 2%. Our calculated results indicate that the tail-to-tail domain configuration and the polarization reduction, which is induced by V (ii) The stability of V ab relative to V c may prevent the transformation of V ab into V c . Thus, V O in ferroelectric epitaxial thin films can be systematically tuned from a strong domain-pinning centre to a non-pinning centre by applying a compressive misfit strain. Accordingly, the switching capability and the related physical properties of the ferroelectric thin film will be enhanced through these transformations. 
